The intention is to see whether (i) well-known formulations of binary mixture models can be derived from the thermodynamic model, (ii) classical hypo-plasticity is deducible from the frictional evolution equation and (iii) the popular assumption of pressure equilibrium is justified. To this end, we ignore mass and volume fraction interaction rate densities, restrict considerations to isothermal processes, ignore higher order non-linearities in the constitutive relations and use the principle of phase separation. These assumptions transform the equilibrium stresses, heat flux and interaction forces to considerably simplified forms. Furthermore, the analysis shows that classical hypo-plasticity can be reconstructed with the introduction of a new objective time derivative for the stress-like variable. Non-equilibrium contributions to the stresses and interaction forces are also briefly discussed. It is, finally, shown that the assumption of pressure equilibrium precludes the application of frictional stresses in equilibrium. This unphysical assumption is, therefore, replaced by a thermodynamic closure condition that is more flexible and less restrictive. It allows for frictional stresses in thermodynamic equilibrium and, therefore, is sufficiently general for applications to mixture theories.
Introduction
In Hutter and Schneider [21] , a continuum thermodynamic formulation of solid-fluid debris-flow models was presented. This article, henceforth referred to as 'Part I', presented the thermodynamic implications, which were deduced from an entropy principle due to Müller. Results, which are explicitly derived and extensively discussed in book form by Schneider and Hutter [38] , were only collected. The 'credo' in Part I is that postulation of closure conditions for constitutive quantities must be done by a full exploitation of the second law of thermodynamics even when at last only a mechanical theory is pursued. In this article, we continue this analysis with the presentation of explicit constitutive relations for stress and interaction force parameterizations which Communicated by S. Roux.
In Memoriam Prof. Dr. Hars Roethlisberger (1923 -2009 are capable to reproduce the entire range of dynamical processes from quasi-static creep to catastrophic rapid motion of a saturated soil mass. In the following, we assume the reader to be familiar either with Part I or the content of the first seven chapters of Schneider and Hutter [38] .
In Part I, we developed a theory for an isotropic visco-elasto-plastic heat conducting mixture of n constituents, (i) in which mass interactions between the constituents may occur, (ii) some or all of the constituents are density preserving in the sense that they possess constant constituent mass densities, (iii) which is saturated in the sense that no void spaces are present in the mixture, (iv) that ignores constituent energy interactions, (v) which is capable of measuring the distribution and evolution of submacroscopic structures by means of internal variables and corresponding balance laws and (vi) allows in the linearized case for a hyperbolic equation for the temperature distribution.
In the sequel, we aim to reduce the above theory to a model that is sufficiently simple to be numerically solvable but, equally, allows for the description of the main properties of debris flows, namely, (i) fluidisation in a thin shear band close to the bed, (ii) particle size segregation, 1 (iii) shear stresses present in thermodynamic equilibrium and (iv) velocity differences of the fluid and the solid grains.
To this end, we commence in Sect. 2 with the presentation of the basic physical assumptions, e.g. the binary mixture postulate, no mass interaction processes, etc, followed in Sect. 3 by the parameterization of the constituent equilibrium stresses, separately for the elastic and frictional parts of the solid stress. Section 4 deals with the non-equilibrium stresses as non-linear viscous solid and fluid sub-bodies. Here, we show that knowledge of viscometry is helpful in the parameterization of the viscous stress contributions. In Section 5, we state the final constitutive relations. Section 6 addresses the popular 'assumption of pressure equilibrium'; we point out its weaknesses and propose an alternative, which is free of its inconsistencies. We close in Sect. 7 with a discussion and conclusions.
Physical assumptions
We model debris flows here as saturated mixtures of two constituents, where we interpret the first constituent as solid grains and the second as a fluid. Thus, the Greek indices take the identifiers s, for the solid and f, for the fluid. As a consequence of the saturation condition, the volume fraction for the fluid, ν f , is replaced by (1 − ν s ) and, as we have seen in Part I, an independent constraint field s arises for which the field equations (to be specified) have to be solved. We also assume that both constituents are density-preserving,
i.e., no constituent is compressible (m = 0, Part I). The binary mixture concept, in which the solid constituent is not split into a number of separate components, implies that different characterizations of the solid component by the grain size or differences in resilience, etc., are not accounted for. Furthermore, we shall also exclude melting of the solid particles in the moving process. This would in most situations require a three constituent or even more detailed mixture concept. This excludes very large landslides in which the frictional heat will melt the rock and-after solidification of the molten rock-generate so-called frictionites. Thus,
As a consequence of this, the volume fraction production rate densities vanish,
and the mass-and volume fraction balance equations turn into
By subtracting these two equations one obtains
